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a b s t r a c t
Pocket proteins (pRb, p107 and p130) are well studied in their role of regulating cell cycle progression.
Increasing evidence suggests that these proteins also control early differentiation and even later stages of
cell maturation, such as migration. However, pocket proteins also regulate apoptosis, and many of the
developmental defects in knock out models have been attributed to increased cell death. Here, we
eliminate ectopic apoptosis in the developing brain through the deletion of Bax, and show that pocket
proteins are required for radial migration independent of their role in cell death regulation. Following
loss of pRb and p107, a population of cortical neurons fails to pass through the intermediate zone into the
cortical plate. Importantly, these neurons are born at the appropriate time and this migration defect
cannot be rescued by eliminating ectopic cell death. In addition, we show that pRb and p107 regulate
radial migration through a cell autonomous mechanism since pRb/p107 deﬁcient neurons fail to migrate
to the correct cortical layer within a wild type brain. These results deﬁne a novel role of pocket proteins
in regulating cortical lamination through a cell autonomous mechanism independent of their role in
apoptosis.
& 2013 Elsevier Inc. All rights reserved.
Introduction
Activating neurogenesis is a promising strategy for rehabilitating
damage following traumatic injury or neurodegenerative disease.
However, to use this therapeutic tool effectively it is crucial to
understand the mechanisms which regulate neuronal birth and
maturation. The retinoblastoma protein (pRb), together with its two
family members p107 and p130, controls cell cycle progression and
terminal mitosis (Ferguson and Slack, 2001; Giacinti and Giordano,
2006). However, it remains unclear whether the pocket protein
family plays additional roles in later stages of neuron maturation,
such as terminal differentiation and migration.
During normal brain development, proliferating neural precursor
cells in the ventricular and subventricular zones exit the cell cycle
and migrate dorsally through the intermediate zone, into the cortical
plate (Nowakowski et al., 2002). The ﬁrst neurons born are the Cajal
Retzuis cells of layer I (Garcia-Moreno et al., 2007), which guide later
born migrating neurons through secretion of Reelin (Honda et al,
2011). These neurons migrate radially to the top of the cortical plate
and reside in an “inside-out” pattern with the youngest neurons in
the uppermost layers.
It is now well established that pocket proteins regulate both
proliferation and cell death. In addition, increasing evidence
suggests that cell cycle proteins also inﬂuence later stages of brain
development (Nguyen et al., 2006; Tury et al., 2011), such as
cortical plate formation (Ferguson et al., 2005; McClellan et al.,
2007). Understanding developmental phenotypes in knockout
models is complicated by increased apoptosis following pRb
deletion through the E2F1/p53 pathway; thus it is often unknown
whether a defect in cell maturation is due to a novel function of
pRb or is an indirect result of this ectopic cell death. For example,
Ciavarra and colleagues found a defect in pRb-null cardiomyocyte
maturation, yet were able to completely rescue the phenotype by
preventing apoptosis through expression of the anti-apoptotic
protein Bcl2 (Ciavarra and Zacksenhaus, 2010). In contrast, Chen
et al. found that rescuing cell death and through E2F1 deletion
does not rescue maturation defects in amacrine cells in the
developing retina (Chen et al., 2007). Cell death has been shown
to cause severe developmental defects in pRb null animals in the
retina (Chen et al., 2004), cerebellum, (Feddersen et al., 1995;
Padmanabhan et al., 1999; Marino et al., 2003), and the Organ of
Corti (Sage et al., 2006). Similarly, in cases where morphological or
functional defects were reported in pRb-null cells (Lee et al., 1994;
Sage et al., 2006), it was often not possible to determine whether
these differentiation defects were a secondary result of the
increased cell death or represented a separate Rb function. Finally,
we have previously shown that pRb deletion led to a defect in
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cortical lamination, where the delineation between the cortical
plate and the intermediate zone was obscured; we were unable to
determine whether this phenotype resulted from the established
role of pocket proteins in cell death (Ferguson et al., 2005;
McClellan et al., 2007). As examples of cell death dependent and
independent developmental defects have been reported following
loss of pocket proteins, the role of pRb and p107 in neuron
maturation independent of cell death therefore remains an unan-
swered question in the ﬁeld.
In the present study, we asked whether radial migration in the
developing cortex is modulated by pocket proteins, independently
from their role in cell death regulation. The pRb/p107 double
mutants were used to avoid compensatory effects of p107 in pRb
deﬁcient tissues (Marino et al., 2003; Chen et al., 2004; Berman
et al., 2009). The contribution of apoptosis in the cortical migration
phenotype observed in pRb/p107 double mutants, was evaluated
by crossing these mice with animals carrying a null allele for Bax, a
key apoptotic protein (Gavathiotis et al., 2012). Here we show a
defect in the migration of cortical neurons lacking pocket proteins
pRb and p107, which could not be attributed to failed cell cycle exit
or unchecked apoptosis. Notably, deletion of Bax did not rescue
the defect in radial migration, despite the fact that apoptosis was
returned to wild type levels. Furthermore, we show that pocket
proteins regulate radial migration through cell autonomous
mechanisms since in utero electroporation of Cre leads to migra-
tion defects in p107/pRb deﬁcient neurons in the context of an
otherwise healthy brain. Overall, we show that pRb and p107 play
an essential role in the regulation of radial migration, independent
of their role in apoptosis.
Materials and methods
Mice
pRb/p107 DKO mice were generated by crossing ﬂoxed Rb-F19
(Vooijs et al., 1998; Marino et al., 2000) with p107 germline
knockout mice (LeCouter et al., 1998). DKO mice were then crossed
with Emx1-cre mice (Jackson Laboratories) to delete pRb speciﬁ-
cally in the dorsal telencephalon. Mice were maintained on a
mixed C57/Bl6/FVBN/Sv129 background and genotyped according
to standard protocols with previously published primers for Rb
(Jacks et al., 1992) and p107 (LeCouter et al., 1998). pRb f/f; p107
/ females were crossed with pRb f/þ; p107 þ/; Emx1-Creþ
males to generate wild type pRb f/þ; p107 þ/; Emx1-Creþ
(WT), pRb f/f; p107 þ/; Emx1-Creþ (RBKO), pRb f/þ; p107
/; Emx1-Creþ (p107KO) and double knock out pRb f/f; p107
/; Emx1-Creþ (DKO) littermates. For embryonic time points,
the time of plug identiﬁcation was counted as embryonic day 0.5
(E0.5). Due to pRb autoregulation (Shan et al., 1994), pRb expres-
sion in heterozygous mice is similar to that of wild-type controls.
DKO-Bax/ mice were bred by crossing pRb f/f; p107 / mice
with Bax / mice (Jackson Laboratories) to generate pRb f/f;
p107 /; Bax / females. These females were crossed with
pRb f/þ; p107 þ/; Bax þ/; Emx1-Creþ males. These mice
were also on a mixed C57/Bl6/FVBN/Sv129 background. All experi-
ments were approved by the University of Ottawa’s Animal Care
ethics committee, adhering to the Guidelines of the Canadian
Council on Animal Care.
Tissue ﬁxation and cryoprotection
Pregnant female mice were killed with a lethal injection of sodium
pentobarbitol. P0 pups were killed by decapitation. Embryos were
dissected and ﬁxed overnight in 4% PFA in PBS, pH 7.4, and
cryoprotected using a sucrose gradient of 10%, 15% and 20% in PBS.
Brains were frozen, and 14-mm coronal cryosections were collected on
Superfrost Plus slides (12–550-15; Fisher Scientiﬁc).
BrdU labeling and immunohistochemistry
To mark neurons born at E13.5, a single intraperitoneal injec-
tion of BrdU (dissolved in 0.007 N/NaOH in 0.9% NaCl; 50 mg/kg
body mass) was given to timed pregnant females at E13.5. Injected
females were euthanized at E17.5 or pups were collected on the
morning after birth (P0).
For all cell counts, images were taken from matching tissue
sections, cut at equivalent locations along the rostro-caudal axis of
the brain on the ﬁrst section where a complete anterior commis-
sure was visible crossing the midline. Images were taken from a
portion of the cortex in between the dorsomedial and ventrolat-
eral cortex, just as the cortex begins to slope downwards. For total
cell counts, slides were treated with the Dako antigen retrieval
protocol according to the manufacturer's protocol for 30 min and
treated with combinations of the following antibodies: Cux1
(layers II–IV (Nieto et al., 2004); 1/100; Santa Cruz), FoxP1 (layers
III/IV (Ferland et al., 2003); 1/750; Abcam), Ki67 (1/100; Cell
Marque), Nestin (1/500; Abcam), SatB2 (layers II–IV (Britanova
et al., 2008); 1/500; Abcam), Tbr1 (layer V/VI (Hevner et al., 2001);
1/1000; Abcam). Once equivalent sections of the cortex were
identiﬁed and imaged, a 200 mm wide column of cortical tissue
(450 mm for FoxP1 counts) was delineated within the image,
extending vertically from the top of the cortical plate down
through the ventricular zone. All cells expressing the marker of
interest within this column were counted and binned according to
their anatomical layer. Cortical layers were identiﬁed as follows:
layer II was deﬁned as being marked by Cux1 and/or Satb2, but not
by FoxP1. Layer III/IV was identiﬁed as expressing FoxP1 but not
Tbr1. Layers V/VI were deﬁned as expressing Tbr1. For total cell
counts, cells were counted as being located either in the upper
layers (II–IV) or lower layers (V/VI). For BrdU counts, BrdU
detection was performed according to Ferguson et al. (2002),
followed by Dako treatment for 15 min. Slides were then treated
with combinations of the same antibodies, colabeling with anti-
BrdU (1/250; Accurate Chemical and Scientiﬁc Corporation). All
cells labeled with BrdUþ , and with Foxp1 or SatB2 for co-labeling
studies, were counted in 150 mm column of the cortex extending
vertically from the top of the cortical plate through the ventricular
zone, as described above. One-way ANOVA with Bonferroni was
performed for all graphs in every ﬁgure. Signiﬁcant differences
were assessed at values of po0.05. Four or ﬁve animals were used
for each genotype at each age.
For Cajal Retzius cell counts, equivalent rostro-caudal sections
were stained with Reelin (1/1000; Abcam) and Calretinin (1/500;
Swant), two markers of Cajal Retzius cells. Six images of layer I of
the cortex were taken from three different brain sections at 40 ,
covering a total distance of 1400 mm for each embryo. Only cells
positive for both Reelin and Calretinin were counted. Cells from
the six images were totaled for each animal, and totals for animals
of the same genotype were averaged. Four to six animals were
used for each genotype.
TUNEL staining
Apoptotic cells were detected in equivalent rostro-caudal brain
sections at E17.5 by TUNEL using the Terminal Transferase Recom-
binant Kit (Roche Applied Science) together with dUTP-16-Biotin
(Roche Applied Science) according to the manufacturer’s protocol.
In each brain, 6 ﬁelds of view were counted at 20 and the total
number of TUNEL positive cells was totaled for each animal. Fields
of view were located in the same part of the cortex in each animal
to ensure consistency. One-way ANOVA with Bonferroni was
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performed to compare the mean numbers of TUNEL-positive cells
and signiﬁcant differences were assessed at values of po0.05.
Western blots
Protein was isolated from the dorsal cortex or ganglionic
eminence at E15.5 and western blot analyses performed as
previously described (Ferguson et al. 2002) with antibodies
directed toward pRb (1/1000; PharMingen), p107 (1/1000;
Santa Cruz), Bax (1/1000; Santa Cruz) and β-actin (1/5000; Sigma).
In utero electroporation
Pups of pregnant DKO females were electroporated at E13.5
with a plasmid containing Cre fused to GFP under control of the
pCAAG promoter. The fused Cre was used so that GFP would be
localized to the nucleus to facilitate image analysis. Plasmids were
prepped using the Qiagen Megaprep Kit, diluted to 2 mg/ml in
sterile H2O and mixed with trace amounts of Trypan Blue dye. The
plasmid was injected into the lateral ventricle of the brain using an
Eppendorf Femtojet Microinjector and electroporated into the
dorsolateral cortex using a BTX ECM 830 Square Wave Electro-
porator. Animals were sacriﬁced 4 days later at E17.5. For analysis,
electroporated sections at equivalent rostro-caudal levels of the
brain, relative to the corpus callosum and anterior commissure,
were selected. Tissue sections were treated with hot, non-boiling
citric acid for 15 min and then stained with antibodies against GFP
(1/4000; Abcam), FoxP1 (1/750) and Tbr1 (1/500). Ampliﬁcation
was performed on the GFP signal using the Avidin–Biotin Complex
(ABC) kit according to the manufacturer’s protocol (Vector Labora-
tories). Brieﬂy, following binding of secondary IgG, slides were
treated with 3% H2O2 for 30 min, followed by incubation with ABC
complex for 1 h. Finally slides were exposed to the Fluorescein
Tyramide Reagent (Perkin Elmer) for 10 min. For counts, all GFPþ
neurons which had reached the cortex were counted in two
sections per brain. Neurons were binned according to whether
they were found in layers II, (deﬁned as being dorsal to FoxP1
staining), layer III/IV (within the Foxp1þ layer) or layer V/VI
(within the Tbr1þ layer). GFPþ cells below the cortex were
counted but not included in calculations since there was no
difference between genotypes.
Results
pRb/p107 double knock out (DKO) embryos exhibit a defect in cortical
lamination in vivo
We have previously described minor defects in cortical lamina-
tion following loss of pRb in the developing brain (Ferguson et al.,
2005; McClellan et al., 2007). However, members of the pocket
protein family are known to compensate for each other in knock
out models (Chen et al., 2004; Haigis et al., 2006; Berman et al.,
2009), so the full role of pocket proteins in radial migration has
never been deﬁned. To characterize the role of pRb and p107 in
establishment of the cortical plate, we examined the cortical layers
of pRb f/f; p107/; Emx1-Creþ double knockout (DKO), pRb f/f;
p107þ/; Emx1-Creþ single knock out (RBKO), pRb f/þ;p107/;
Emx1-Creþ (p107KO) and pRbþ/f; p107þ/; Emx1-Creþ wild
type (WT) brains at E17.5, with the use of cortical layer-
speciﬁc markers. Deletion of pRb and p107 was conﬁrmed via
Western blot at E15.5 (Fig. 1A, B). Cortical layers were deﬁned
according to the following method: the delineation between the
intermediate zone and the cortical plate was deﬁned as the clear
line between high cell density and low density according to Dapi
staining (Fig. 1C, D white and red lines), while the delineation
between upper and lower layers was deﬁned as the top of Tbr1
staining. Where relevant, layer II was deﬁned as expressing Cux1
but not FoxP1, while layer III/IV was deﬁned as expressing FoxP1
but not Tbr1. In DKO animals, where low levels of Tbr1 staining
sometimes extended into the upper cortical layers, or there was a
scattering of Tbr1þ cells in the upper layers, the delineation
between layers was deﬁned as the top of intense, high cell density
Tbr1 staining. In WT, p107KO and RBKO brains, upper layer
markers FoxP1 (layers III/IV) and SatB2 (layers II–IV) (data not
shown) were conﬁned to their expected locations. In DKO brains,
however, a population of cells expressing these upper layer
markers was found below the cortical plate in the intermediate
zone, with a corresponding 34.4% decrease in the average number
of FoxP1þ neurons in the upper layers of the cortical plate (Fig. 1C, F).
Note that FoxP1 is normally only expressed in mature neurons
which have reached their ﬁnal location (Ferland et al., 2003).
Cortical lamination in p107KO brains was indistinguishable from
that in WT brains (data not shown). These observations suggest
that pRb and p107 play a necessary role in radial migration and
cortical lamination.
As FoxP1 cell numbers were decreased in the DKO cortical
plate, we further investigated whether pocket proteins have a
speciﬁc role in the development of the upper cortical layers.
To test this, we asked whether layer II formed normally, using a
more comprehensive upper layer marker CuxI (layers II–IV), which
in our wild type mice is found above FoxP1 staining. Our results
revealed a 50% decrease in the number of Cux1 cells in layers II–IV
of DKO brains compared to WT animals (Fig. 1C, E). Cux1 counts
could not be done in layers V/VI since recently born neurons
migrating through this area express Cux1 (Nieto et al., 2004) and
could not be differentiated from misplaced neurons, which failed
to migrate correctly.
Interestingly, there was no difference in the number of Tbr1þ
neurons in layers V/VI (deﬁned by Dapi staining), although there
was an increase in the number of Tbr1þ neurons in the IZ and the
Tbr1 layer appeared disorganized in DKO brains (Fig. 1C, G).
Consistent with the layer speciﬁc changes in neuron number, the
thickness of the upper layers is reduced in DKO brains relative to
WT brains, with no change in the thickness of the lower layers
(Fig. 1D, H). The total thickness of the cortical plate was not
different between WT and DKO brains since there was a non-
signiﬁcant increase in the thickness of the subventricular zone in
the DKO to compensate for the decrease in thickness of layers II–IV
(Fig. 1D, H). As the upper layer neurons are visibly split into two
populations, with an associated drop in the number of layer II
neurons reaching the cortical plate, the migration phenotype in
these later born neurons in DKO brains is much more striking and
severe than in the early born neurons in the layer V/VI. For this
reason, we chose to focus our studies on the formation of layers II–IV.
These ﬁndings suggest that the pocket proteins pRb and p107 are
required for the proper migration or speciﬁcation of upper cortical
layer neurons.
One potential explanation for this defect in lamination is that
radial migration is delayed due to a delay in cell cycle exit. If
neurons migrate normally following a delayed cell cycle exit, the
defect should be corrected with further development. To deter-
mine if these migrating neurons reach their layer II/IV destination
at a later age, we examined cortical lamination two days later at
P0. At this later time point, misplaced FoxP1þ neurons were still
found in the intermediate zone of DKO, but not RBKO or WT brains
(Fig. 2A, D). Importantly, the numbers of FoxP1þ cells in the
intermediate zone at P0 and at E17.5 were similar, with 256740
FoxP1þ cells in DKO brains at E17.5, and 293743 FoxP1þ cells in
this same region at P0, indicating that there is not even a small
rescue of this phenotype. Furthermore, there was still a 33%
decrease in the number of FoxP1 neurons (Fig. 2D) and a 41%
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Fig. 1. Cortical neurons are mislocalized in Rb/p107 double knock out (DKO) mice. (A–E) Expression of cortical layer markers was examined in pRb f/þ; p107 þ/ (WT), pRb
f/f; p107 þ/ (RBKO) and pRb f/f; p107  / (DKO) brains at E17.5. Deletion of pRb and p107 expression in the E15.5 cortex was conﬁrmed in the Emx1-cre model by
Western blot (A). pRb deletion was speciﬁc to the dorsal telencephalon as expected, since it was not deleted in tissue collected for the ventral telencephalon (B). (C) Brains
were stained for Cux1 (blue; marker of layer II), FoxP1 (red; marker of layer III/IV), Tbr1 (green; marker of layer V/VI) and Dapi (gray; nuclear stain). Low power Dapi images
are provided to illustrate gross anatomy of the cortical plate (D). We observed a population of cells expressing FoxP1 in the intermediate zone of DKO embryos (arrow), but
not WT or RBKO embryos, with a concurrent decrease in the number of FoxP1þ neurons in layers II–IV of the cortex in DKO brains relative to both RBKO and WT brains (F)
(layers II–IV were deﬁned as being above the Tbr1þ layers; layers V/VI were deﬁned as expressing Tbr1). Cells were counted in a 450 mmwide (FoxP1) or 200 mmwide (Cux1
and Tbr1) column of cortex extending from the top of the cortical plate to the ventricular zone. The delineation between the cortical plate and intermediate zone, deﬁned
using Dapi staining, is shown with a white line (red line in the Dapi panel). An inset is provided below the merged images to show nuclear staining in greater detail. There
was a similar decrease in the number of cells expressing Cux1 in DKO brains compared to both WT and RBKO brains (E). Tbr1 cells were found to be disorganized and
increased in the intermediate zone but there was no change in the number of Tbr1 cells in the cortical plate (G). Thickness of the upper cortical layers was found to be
decreased in DKO brains compared to WT brains (H) with no difference in thickness of lower layers. Three to ﬁve embryos were used for each phenotype. C¼Cortex
IZ¼ Intermediate Zone SVZ¼Subventricular Zone Error bars show standard deviation. ***po0.001; **po0.01; *po0.05. (A) Scale bar¼100 mm and (B) scale bar¼200 mm.
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decrease in the number of Cux1 neurons (Fig. 2C) in the upper
layers of DKO brains relative to WT brains, as well as a 40%
decrease in thickness of the upper layers (Fig. 2F). As seen at E17.5,
there was an increase in the thickness of the subventricular zone
in DKO brains to compensate for this decrease in the thickness if
the upper layers. Again, there was no detectable decrease in the
number of Tbr1 neurons within layer V/VI, although there was an
increase in Tbr1þ neurons in the intermediate zone (Fig. 2E).
Although it would have been useful to determine if cortical
lamination was corrected at P7, when migration is complete in
the mouse, this was not possible due to neonatal lethality of the
DKO pups. Together, these ﬁndings show that the misplacement of
Fig. 2. Cortical neuron mislocalization is not corrected. To determine whether the migration defect was due to a delay in migration, expression of cortical layer markers was
examined at P0. Brains were stained for Cux1 (blue; marker of layer II), FoxP1 (red; marker of layer III/IV), Tbr1 (green; marker of layer V/VI) and Dapi (gray; nuclear stain)
(A). Low power Dapi images are provided to illustrate gross anatomy of the cortical plate (B). The population of FoxP1þ cells in the intermediate zone of DKO embryos seen
at E17.5 (Fig. 1) was still present at P0 (arrow), and there was still a decrease in FoxP1þ cells (D) and Cux 1þ cells (C) within the cortical plate. Cells were counted in a
450 mm wide (FoxP1) or 200 mm wide (Cux1 and Tbr1) column of cortex extending from the top of the cortical plate to the ventricular zone. The delineation between the
cortical plate and intermediate zone, deﬁned using Dapi staining, is shown with a white line (red line in the Dapi panel). An inset is provided below the merged images to
show nuclear staining. Thickness of the upper cortical layers was found to be decreased in DKO brains compared to WT brains (F) as shown at a lower magniﬁcation (10x)
Dapi image (B). C¼Cortex IZ¼ Intermediate Zone SVZ¼Subventricular Zone Three to ﬁve embryos were used for each phenotype. Error bars show standard deviation.
***po0.001; **po0.01; *po0.05. (A) Scale bar¼100 mm and (B) scale bar¼200 mm.
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Fig. 3. Misplaced neurons exhibit a defect in radial migration. (A,E) To determine if cells born 4 days previous were located in the correct layer and expressed the correct
cortical layer markers, pregnant females were injected with BrdU at E13.5 and pups collected at either E17.5 (A) or P0 (E). The delineation between the cortical plate and
intermediate zone, deﬁned using Dapi staining, is shown with a white line. Brains were stained for BrdU incorporation (green) and SatB2 (red), a marker for layers II–IV. An
inset is provided to show double labeling. Cells were counted in a 150 mm wide strip of cortex extending from the top of the cortical plate to the ventricular zone.
Approximately 50% of the BrdUþ neurons remain in the intermediate zone in DKO brains at both ages, while only 5–20% of these BrdUþ cells stay in the intermediate zone
in RBKO and WT brains (see text for exact percentages) (B,F). Arrows (A,E) indicate the increase in BrdU staining in the intermediate zone of DKO brains. Similar values were
obtained at both E17.5 and P0 for the percentage of BrdUþ/SatB2þ (C,G) in the intermediate zone and cortical plate. There is no difference in the percentage of BrdUþ cells
which double label with SatB2 between DKO and WT brains at either timepoint (D,H). Three to ﬁve embryos were used for each phenotype. Error bars show standard
deviation. ***po0.001; **po0.01; *po0.05. Scale bars¼100 mm.
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the cortical neurons in DKO brains is not due to a delay in
migration. Again, since delayed migration due to delayed cell cycle
exit would have been corrected, this data also indicates that the
errors in migration in the DKO are unlikely to result simply from
delayed cell cycle dynamics in affected cells.
Pocket proteins are required for radial migration of upper layer
neurons
To resolve whether the Foxp1þ cells in the DKO intermediate zone
were fated for the cortical plate, we performed a birthdating assay to
determine if these neurons had exited the cell cycle at a time
appropriate for neurons of the upper cortical layers. Pregnant mothers
were injected with BrdU at E13.5 and embryos were collected at E17.5
or P0. BrdU injection was done at E13.5 because, on our mouse
background strain, this time point revealed the highest level of
colocalization with upper layer markers, while later injections at
E15.5 targeted neurons still migrating through the intermediate zone.
We then analyzed the location of neurons born at E13.5 to determine
whether these neurons had migrated into the cortex or remained
stalled in the intermediate zone. In WT and RBKO brains, 78.678%
and 83.9711% of the BrdUþ cells were found in the cortical plate,
respectively, while only 43.775% of the BrdUþ cells reached the
cortical plate in the DKO brains (Fig. 3A, B). Due to variation in BrdU
labeling between litters, total BrdUþ cell counts for all layers ranged
from 248746 (average7SD) cells in DKO brains, 186774 in RBKO,
and 2507102 in WT. At P0, 97.672% of BrdUþ cells reached the
cortical plate in WT brains, but only 51.871% of BrdUþ cells reached
the same destination in DKO brains (Fig. 3E, F). Total cell counts ranged
between 208724 in DKO, 177727 in RBKO and 149740 in WT.
Similar results were found when the locations of double stained
BrdUþ/SatB2þ (Fig. 3C, G) or BrdUþ/FoxP1þ (data not shown) cells
were quantiﬁed, with 91733 FoxP1þ/BrdUþ and 133743 SatB2þ/
BrdUþ total cells counted per brain regardless of genotype or age.
There was no difference in the percentage of BrdUþ cells which co-
labeled with SatB2 at either E17.5 or P0, indicating that the identity of
the cells born at E13.5 is similar in WT and DKO brains (Fig. 3D, H).
These results show that the misplaced Foxp1þ cells in the inter-
mediate zone of DKO brains were born at the correct time for upper
layer cortical neurons, but were unable to migrate to the correct
location. This evidence supports the hypothesis that pocket proteins
play a direct role in regulating radial migration.
Fig. 4. Assessment of cell cycle exit in misplaced neurons of DKO brains. (A) To determine if misplaced neurons in the intermediate zone inappropriately express the cell
cycle marker Ki67, pregnant females were injected at E13.5 and pups collected at E17.5. Sections were stained for BrdU incorporation (green), Ki67 (blue) and SatB2 (red). The
percentage of BrdUþ cells, born 4 days prior to tissue collection, which do not stain for Ki67 were quantiﬁed (B). Cells were counted in a 450 mm wide strip of cortex
extending from the top of the cortical plate to just above the subventricular zone. In both WT and DKO brains, at least 97% of the BrdUþ neurons did not express Ki67,
indicating that they have left the cell cycle. High magniﬁcation insets (right side of A) show examples of a BrdUþ/Ki67- neurons (arrowheads) and BrdU /Ki67þ neurons
(arrows). Overlay is shown with SatB2 staining to show the location of the layers. Three to ﬁve embryos were used for each phenotype. Error bars show standard deviation.
*po0.05. Scale bars¼100 mm.
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Misplaced neurons in the DKO intermediate zone have exited the cell
cycle
Many of the developmental phenotypes described in pRb
mutants result from defects in cell cycle exit, even in cells
expressing markers normally associated with terminal differentia-
tion (Chen et al., 2004; Haigis et al., 2006; Berman et al., 2009).
To determine whether the migration defect in DKO embryos
results from misplaced neurons having failed to exit the cell cycle,
we injected pregnant mothers with BrdU at E13.5 and collected
brains at E17.5, as described above, and examined whether BrdUþ
neurons expressed the cell cycle progression marker Ki67. We
found that 9870.4% of BrdUþ cells in DKO brains no longer
expressed Ki67 (Fig. 4), compared to 99.870.1% of BrdUþ cells in
Fig. 5. The migration defect in DKO brains is not due to increased cell death. To determine if the migration defect is due to increased apoptosis, cortical lamination was
examined in DKO;Bax/ brains at E17.5. (A,B) TUNEL staining was used to conﬁrm that the increase in cell death seen in DKO brains was returned to wild type levels in
DKO;Bax/ brains. (C) Deletion of Bax in cortical tissue was conﬁrmed by Western blot at E17.5. (D) Cortical lamination was examined by staining for Cux1 (blue; marker
of layer II–IV), FoxP1 (red; marker of layer III/IV), Tbr1 (green; marker of layer V/VI) and Dapi (gray; nuclear stain). The delineation between the cortical plate and
intermediate zone, deﬁned using Dapi staining, is shown with a white line (red line in the Dapi panel). The population of FoxP1þ cells in the intermediate zone of DKO
brains is maintained in DKO;Bax/ brains (arrow). Quantiﬁcation of FoxP1 cells (F), Cux1þ cells (E), and cortical thickness (G) showed no difference between DKO and
DKO;Bax brains, indicating that rescuing cell death failed to rescue these phenotypes. Quantiﬁcations were done the same way as those described in Fig. 1. Error bars show
standard deviation. ***po0.001; **po0.01; *po0.05. Scale bars¼100 mm.
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WT brains (203755 cells counted per brain). Although there are
signiﬁcantly more Ki67þ/BrdUþ cells in DKO brains, these cells
represent such a small percentage of the total BrdUþ cells that
they could not account for the observed migration phenotype.
Furthermore, the 2% of BrdUþ cells which do express Ki67 were
evenly distributed throughout the cortex and intermediate zone,
rather than concentrated in the intermediate zone like the mis-
placed FoxP1þ neurons. Together, the observations that radial
migration does not correct with time and that misplaced neurons
have exited the cell cycle by E17.5, suggest that the defect in
migration in DKO brains is not due to ectopic proliferation or a
failure to exit the cell cycle.
Inhibition of cell death does not rescue the migration defect in DKO
neurons
pRb loss has been shown to lead to increased apoptosis which
may cause or accentuate many of the phenotypes described in
RBKO mutants (Lee et al., 1994; Feddersen et al., 1995; Chen et al.,
2004; MacPherson et al., 2004; Berman et al., 2009; Wu et al.,
2009; Ciavarra and Zacksenhaus, 2010), while in other cases
maturation defects are cell death independent (Chen et al.,
2007). It remains an outstanding question whether pocket pro-
teins regulate post-mitotic cell maturation directly or if this role is
attributable to the role of pRb in apoptosis. We have previously
shown that the defect in radial migration in the RBKO mutant
coincides with a decrease in Cajal Retzius cells (Ferguson et al.,
2005; McClellan et al., 2007). However, it remains unknown
whether the defect in radial migration shown in Figs. 1 and 2 is
a result of deregulated apoptosis following loss of pRb and p107, or
whether these pocket proteins regulate radial migration directly.
To determine whether migration is impaired in DKO brains due to
increased apoptosis and subsequent loss of a crucial migratory
signal, we crossed the pRb/p107 DKO mice with Bax / mice to
generate DKO;Bax / mice and examined cortical lamination at
E17.5. First, we used TUNEL staining to conﬁrm that the increased
Fig. 6. Pocket proteins regulate radial migration through a cell autonomous mechanism. (A,B) To determine if the migration defect correlated with a decrease in Cajal Retzius
cells, WT, RBKO, DKO and DKO;Bax/ brains were stained for Reelin (green) and Calretinin (red) at E17.5. All double labeled cells in the marginal zone (MZ) were counted
in a total of 1400 mm per brain (B). Scale bars¼50 mm. (C) To determine if pocket proteins regulate radial migration cell autonomously, pRb f/f;p107/ and pRb f/þ;
p107/þ embryos were electroporated in utero at E13.5 and brains were collected at E17.5. The location of GFPþ neurons was quantiﬁed according to cortical layer. Layer II
was deﬁned as being above FoxP1 staining (red), layer III/IV was deﬁned as within FoxP1þ staining, above Tbr1þ (blue) and layer V/VI was deﬁned as within the Tbr1þ
layer (D). We show that a portion pRb/p107 deﬁcient neurons fail to reach layer II but instead remain in layer III/IV. (E) Cajal Retzius cells were normal in all electroporated
brains, which emphasizes that Reelin signaling is not involved in this migration defect. ***po0.001; **po0.01; *po0.05. Scale bars¼100 mm.
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levels of cell death seen in DKO brains was rescued to wild type
levels following deletion of Bax (Fig. 5A–C). We then asked if
cortical migration was rescued in DKO;Bax/ brains by staining
for layer speciﬁc markers. Deletion of Bax did not rescue the
migration defect, as no differences in cortical lamination or layer
speciﬁc cell counts could be found between DKO and DKO;Bax/
embryos (Fig. 5D–G) (counts were performed as described for
Fig. 1). Speciﬁcally, DKO;Bax/ brains have an average of
302736 FoxP1þ neurons stalled in the intermediate zone, with
a corresponding 35% decrease in the number of FoxP1þ neurons
in layers II–IV compared to WT. There is a 50% decrease in the
number of Cux1þ cells in the upper layers and a 30% decrease in
cortical thickness compared to WT, as seen in absence of pRb/p107
alone. Loss of Bax alone could therefore not account for these
phenotypes, as there was no difference in FoxP1 or Cux1 cell
number or localization, or cortical thickness between Baxþ/þ and
Bax/ brains (these brains were wild type for pRb and p107)
(Fig. S1). This evidence indicates that apoptosis cannot account for
the migration defect in DKO embryos and that pocket proteins
inﬂuence cortical lamination and neuron migration through a
mechanism that is independent from its role in regulating neuron
survival.
Pocket proteins regulate cortical migration through a combination of
cell autonomous and environmental mechanisms
Given that the migration defect could not be rescued by inhibition
of apoptosis, we next asked whether pocket proteins regulate radial
migration through a cell autonomous mechanism, or whether the
migration defect is the result of a failing environment. We have
previously shown a decrease in Cajal Retzius cells in pRb mutants
(Ferguson et al., 2005; McClellan et al., 2007). As we had hypothe-
sized that loss of the migratory signal Reelin from these Cajal Retzius
cells might account for the lamination defect in RBKO brains, we
asked whether there was a further decrease in Cajal Retzius cells in
DKO and DKO-Bax/ brains. Surprisingly, Cajal Retzius cells were
similarly decreased in both RBKO and DKO embryos, but the
migration defect is speciﬁc to DKO brains. Staining with two markers
of Cajal Retzius cells, Reelin and Calretinin, revealed a 65% and 58%
decrease in DKO and RBKO, respectively, which was not rescued by
Bax deﬁciency (also a 65% decrease in DKO;Bax/ brains) (Fig. 6A,
B). These results show that Cajal Retzius cell loss cannot explain the
migration phenotype and that pocket proteins regulate migration
through an alternative mechanism.
The radial glial scaffold provides structural support for migrat-
ing neurons. To determine whether defects in this scaffold are
responsible for the migration phenotype in DKO brains, we asked
whether this scaffold is intact in DKO brains by staining for Nestin.
We found that the glial scaffold appeared normal in both DKO and
WT brains (Fig. S2), indicating that these cells are unlikely to be
involved in the migration defect in DKO brains.
Cortical migration depends on a complex array of environ-
mental factors, such as secreted migratory cues (e.g. Reelin), intact
radial glial scaffolding, as well as cell autonomous factors, such as
migratory cue receptors and regulation of cytoskeletal dynamics.
To further pursue the mechanism by which pocket proteins
modulate cortical migration, we asked whether their role in
migration was cell autonomous. To address this question, we
performed in utero electroporation to track the migration of Rb/
p107 deﬁcient neuroblasts in the context of a healthy environ-
ment, where migratory cues remain intact. Embryos (Rbf/f;
p107/ and Rbf/þ; p107þ/) were electroporated with Cre-
GFP at E13.5, and brains were collected 4 days later at E17.5. The
efﬁciency of Cre mediated recombination was conﬁrmed both
in vivo and in vitro (data not shown). The location of GFPþ
neurons relative to cortical layer markers FoxP1 and Tbr1 was
analyzed. In WT brains, 65.878.7% GFPþ neurons migrated to
layer II, and 23.977.1% were found in layer III/IV (Fig. 6C, D). In
DKO brains, however, only 43.277.6% of GFPþ neurons reached
layer II, with 40.474.9% of GFPþ neurons scattered throughout
layers III/IV. A minimum of 250 cells were counted for each brain.
Layer II was deﬁned as being above the FoxP1þ layer, while layer
III/IV was deﬁned as being within the FoxP1þ layer, above the
Tbr1þ layer. There was no difference in the number of GFPþ
neurons in the intermediate zone between the two phenotypes,
and no defect was seen in electroporated RBKO brains (data not
shown). Unlike in conditional knockouts (Fig. 6A), here there was
no difference in the number of Cajal Retzius cells between pRb f/f;
p107/ and wild type electroporated brains (Fig. 6E). Given that
pRb/p107 deﬁcient neurons failed to migrate correctly in a healthy
environment, we conclude that pocket proteins are essential to
modulate radial migration through a cell autonomous mechanism.
Discussion
In this study, we evaluated the role of pocket proteins pRb and
p107 in the regulation of radial migration in the developing cortex.
Our results support a number of conclusions. First, we present a
novel defect in radial migration which is speciﬁc to the pRb/p107
DKO brains. We then show that this defect is not due to unchecked
cell death, despite the importance of pocket proteins in regulating
apoptosis. Finally, we show that pRb and p107 regulate radial
migration through a combination of cell autonomous and non-cell
autonomous mechanisms. These results are summarized in Table 1.
Together, our results describe a novel function of pocket proteins in
regulating cortical plate formation in the developing brain.
pRb and p107 are required for radial migration in the developing
cortex
pRb is known to play a variety of roles during brain development,
namely control of cell cycle progression, apoptosis and early fate
speciﬁcation (Jacks et al., 1992; Ferguson and Slack, 2001;
MacPherson et al., 2004; Vanderluit et al., 2004; McClellan and
Slack, 2006; Wu et al., 2009; Ghanem et al., 2012). Indeed, we have
shown that pRb regulates early differentiation factors and tangential
migration in ventrally derived neurons (Ferguson et al., 2005;
Andrusiak et al., 2011; Ghanem et al., 2012), independently of its
role in proliferation. pRb was also shown to be involved in cortical
lamination as deletion of pRb caused the normally well-organized
delineation between cortical plate and intermediate zone to become
indistinct (McClellan et al., 2007). However, p107 has been shown to
compensate for loss of pRb in various models (Marino et al., 2003;
Chen et al., 2004; Haigis et al., 2006; Berman et al., 2009). Pocket
proteins may therefore have additional roles in neuron maturation
which could not be detected in single knock-out models. To address
Table 1
Phenotype Summary.
WT RBKO DKO DKO;Bax/
FoxP1þ neurons in IZ   þþ þþ
Thinning of Cuxþ layer  þ þþ þþ
BrdUþ cells in IZ   þþ ND
Loss of CR cells  þ þ þ
GFPþ neurons in layer III/IV following IUE   þ ND
Negative sign indicates not observed,þ indicates mild phenotype, and þþ indi-
cates severe phenotype.
IZ¼ Intermediate Zone, CR¼Cajal Retzius, ND¼Not done, IUE=in utero
Electroporation.
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this issue, we used the pRb/p107 double knock out (DKO) mouse to
test the hypothesis that pocket proteins have more extensive roles in
radial migration in the developing brain.
Here we show a defect in radial migration in DKO brains with a
concurrent decrease in the number of upper layer neurons within
the cortical plate. Our data implies that the phenotype in DKO
brains is due to a primary defect in migration rather than the
result of a delay in cell cycle exit for two reasons. First, if the
misplaced neurons were migrating normally but were delayed
because they exited the cell cycle late, they would continue
migration and approach their destination at P0 (Fig. 2), which
does not occur. Second, the misplaced neurons do not express the
cell cycle marker, Ki67 (Fig. 4); at E17.5, only 2% of the migrating
population exhibited ectopic proliferation. Together, these ﬁndings
suggest that the defect in radial migration does not result from
failed cell cycle exit. Whether this migration defect results from
other cell cycle related mechanisms, such as delayed exit, disrup-
tion of polarity or impaired precursor differentiation cannot be
determined at this time and requires further investigation.
In this study we have focused on the migration defect in the
upper layers neurons of DKO brains. However, there is also a defect
in lamination in the lower layers as seen by the increased Tbr1þ
neurons in the IZ of RBKO and DKO at E17.5 (Fig. 1). Interestingly,
this defect appears to be distinct from that seen in the upper
layers, since there is no decrease in the number of Tbr1þ neurons
which reach the cortical plate in DKO brains, as is seen with
FoxP1þ and Cux1þ neurons. Likewise there is no difference in the
thickness of the lower cortical layers between DKO and WT brains.
For these reasons, the defect in formation of layers V/VI cannot
result solely from Tbr1þ neurons failing to migrate through the
intermediate zone. An alternate possibility is that pocket proteins
control the relative rates of proliferation during development such
that neurogenesis is increased early when layers V/VI are formed,
but later slows when layers II–IV are formed. This increase in
neurogenesis would then account for the increased Tbr1þ neu-
rons in the intermediate zone, rather than, or in addition to, a
defect in migration of these neurons. At this point it is only
possible to conclude that pocket proteins regulate formation of
upper cortical layers differently than the formation of lower
cortical layers and further analysis is required to understand the
responsible mechanisms.
Pocket protein regulation of radial migration does not depend on cell
death
pRb was ﬁrst identiﬁed as a tumor suppressor and has been
extensively studied in its role in regulation of cell division and
apoptosis (Chen et al., 2004; Lazzerini Denchi and Helin, 2005;
Giacinti and Giordano, 2006; Ciavarra and Zacksenhaus, 2010;
Gordon and Du, 2011; Manning and Dyson, 2012). Ectopic cell
death has been shown to contribute to many developmental
phenotypes in pRb knockout models (Feddersen et al., 1995;
Marino et al., 2003; Chen et al., 2004; MacPherson et al., 2004;
Sage et al., 2006; Berman et al., 2009; Ciavarra and Zacksenhaus,
2010). Increased apoptosis found in pocket protein knock out
models is primarily due to deregulated E2F1 activity and subse-
quent activation of the p53 pathway (Macleod et al., 1996;
Lazzerini Denchi and Helin, 2005; Wu et al., 2009), although
increased apoptosis has been found to sometimes be p53 and
even E2F1 independent in the retina (MacPherson et al., 2004;
Chen et al., 2013). pRb has also been shown to be crucial for
survival in post-mitotic neurons (Andrusiak et al., 2012). This dual
role of Rb in regulating both cell proliferation and death has
obscured our understanding of other important developmental
roles of pocket proteins. It was therefore unclear whether the
migration phenotype in the DKO brains was due to death of
cells providing regulatory signals necessary for radial migration,
or whether it represented a primary migratory function of pocket
proteins. To resolve this question, we eliminated this ectopic
apoptosis through deletion of the apoptotic regulator Bax
(Gavathiotis et al., 2012) in the DKO and determine whether the
defect radial migration persisted. Surprisingly, despite the fact that
cell death was successfully restored to wild type levels in the DKO;
Bax/ brains (Fig. 5A), none of the migratory phenotypes
described in DKO brains were rescued by Bax deletion (Fig. 5D–G;
Table 1). The FoxP1þ cells are still present in the intermediate zone
of these DKO;Bax/ brains and the upper cortical layers were still
thinner, indicating that this migration defect does not result from
apoptosis. Furthermore, a migration defect was observed in GFPþ
neurons following in utero electroporation of Cre (see below);
because these neurons migrate in a healthy environment, and have
clearly survived, cell death does not seem to be involved. This shows
that, in the developing brain, pocket proteins regulate migration and
apoptosis through separate, independent mechanisms.
Pocket proteins have a cell autonomous role in radial migration
We have previously shown that Cajal Retzius cells are decreased
in the RBKO mouse and hypothesized ﬁrst, that these cells were lost
to apoptosis, and second that their loss was responsible for the
minor defect in radial migration. However, we show here that
deletion of Bax fails to rescue these Cajal Retzius cells (Fig. 6A) and
that there was no difference in the number Cajal Retzius cells
between RBKO and DKO mice (Fig. 6B). There are two possible
explanations for the absence of Cajal Retzius cells in DKO brains;
these cells could either be lost through an alternative apoptotic
pathway or there could be a defect in their differentiation following
loss of pRb and p107. Further experimentation is necessary in order
to distinguish between these scenarios. More importantly, the fact
that both RBKO and DKO brains show the same decrease in Cajal
Retzius cell number while only DKO brains have a migration defect
implies that the loss of Cajal Retzius cells cannot explain why a
subset of DKO neurons fails to pass through the intermediate zone.
Radial migration is dependent on numerous factors which can
be categorized as being either cell autonomous or non-cell
autonomous. Here we show that pocket proteins control radial
migration through a cell autonomous mechanism independent of
environmental factors through the use of in utero electroporation,
as the pRb and p107 deﬁcient neurons failed to migrate correctly
through a healthy cortical plate. It should be noted that these
animals are genome knockouts for p107. However, since there is
no migration phenotype following p107 deletion (data not shown)
and there is no apparent defect in cortical lamination in non-
electroporated regions of the pRb ﬂox/ﬂox;p107/ electropo-
rated brains, we conclude that the defect requires the loss of both
pRb and p107 in GFPþ neurons.
Following pRb deletion in electroporated pRb ﬂox/ﬂox;p107/
 brains, GFPþ neurons reach the cortical plate but are highly
disorganized, while in DKO Emx1-Cre brains the misplaced neu-
rons fail to migrate past the intermediate zone. One possible
explanation for this difference is that pRb and p107 regulate
migration through a combination of cell autonomous and non-
cell autonomous mechanisms. In electroporated brains, the pRb/
p107 deﬁcient neurons may have been able to reach the cortex
since environmental support was still intact, while in the full
cortex knockout both environmental and cell autonomous
mechanisms were compromised. For example, it is possible that,
in the DKO;Emx1-Creþ cortex, the cell autonomous defect makes
these neurons more sensitive to the drop in Reelin and this
contributes to their failure to migrate through the intermediate
D.S. Svoboda et al. / Developmental Biology 384 (2013) 101–113 111
zone, while in the RBKO cortex the low levels of Reelin are
sufﬁcient. Another possibility is that the time required for Cre to
be expressed, excise pRb and for pRb target genes to become
deregulated, allows neurons electroporated at E13.5 have time to
pass through the intermediate zone and into the cortical plate
before migration is disrupted. Further experimentation is required
to fully understand the mechanism through which pocket proteins
regulate cortical migration.
These results represent the ﬁrst description of a cell autono-
mous role of pRb in radial migration in the developing cortex. We
have shown in previous work that pRb is involved in tangential
migration of ventrally derived immature interneurons, also in a
cell autonomous manner through regulation of the Netrin receptor
Neogenin (Ferguson et al., 2005; McClellan et al., 2007; Andrusiak
et al., 2011). When considered together, these studies suggest that
neither phenotype is a single phenomenon but that pRb may
regulate migration in a wide variety of cell types. It remains to be
determined whether pocket proteins control migration in non-
neural cells, or whether migration is regulated through similar
mechanisms in different cell types. Further exploration into the
mechanisms through which pocket proteins regulate cell migra-
tion in various tissues will greatly increase our understanding of
how this protein family inﬂuences both normal development and
tumor formation.
In conclusion, these results demonstrate that pocket proteins
are required for radial migration. This is achieved through a
combination of cell autonomous and environmental factors which
are independent of cell death. These ﬁnding strongly support our
hypothesis that pocket proteins are important in later stages of
neuron maturation through mechanisms independent of their role
in cell cycle progression or apoptosis.
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